AEA acts as an endocannabinoid and an endovanilloid by activating cannabinoid and vanilloid type 1 transient receptor potential (TRPV1) receptors, respectively, on dorsal root ganglion (DRG) sensory neurons. Inhibition of FAAH activity increases AEA concentrations in nervous tissue and reduces sensory hypersensitivity in animal pain models. Using immunohistochemistry, Western blotting, and reverse transcription-PCR, we demonstrate the location of the FAAH in adult rat DRG, sciatic nerve, and spinal cord. In naive rats, FAAH immunoreactivity localized to the soma of 32.7 Ϯ 0.8% of neurons in L4 and L5 DRG. These were small-sized (mean soma area, 395.96 Ϯ 5.6 m 2 ) and predominantly colabeled with peripherin and isolectin B4 markers of unmyelinated C-fiber neurons; 68% colabeled with antibodies to TRPV1 (marker of nociceptive DRG neurons), and Ͻ2% colabeled with NF200 (marker of large myelinated neurons). FAAH-IR was also present in small, NF200-negative cultured rat DRG neurons. Incubation of these cultures with the FAAH inhibitor URB597 increased AEA-evoked cobalt uptake in a capsazepine-sensitive manner. After sciatic nerve axotomy, there was a rightward shift in the cell-size distribution of FAAH-immunoreactive (IR) DRG neurons ipsilateral to injury: FAAH immunoreactivity was detected in larger-sized cells that colabeled with NF200. An ipsilateral versus contralateral increase in both the size and proportion of FAAH-IR DRG occurred after spinal nerve transection injury but not after chronic inflammation of the rat hindpaw 2 d after injection of complete Freund's adjuvant. This study reveals the location of FAAH in neural tissue involved in peripheral nociceptive transmission.
Introduction
The endogenous ligands for cannabinoid receptors (endocannabinoids) are rapidly synthesized inside activated neurons (Di Marzo et al., 1994; Piomelli et al., 1998) . Tissue concentrations of endocannabinoids increase locally after injury (Calignano et al., 1998; Baker et al., 2001; Dinis et al., 2004) or ischemia (Muthian et al., 2004) and are elevated in paw skin and in the periaqueductal gray (PAG) brain region after Formalin injury, providing evidence of activity-dependent endocannabinoid production in nociceptive pathways (Calignano et al., 1998; Walker et al., 1999) .
When injected into rat skin after inflammation or nerve injury, the endocannabinoid anandamide (AEA) mediates analgesic effects via the activation of peripheral cannabinoid receptors (CBRs) (Calignano et al., 1998; Richardson et al., 1998; Guindon and Beaulieu, 2006) . AEA signaling at CBRs is relatively transient because of the short half-life of AEA in tissue (Di Marzo et al., 1994) . AEA is inactivated by cellular reuptake, followed by hydrolysis or oxidative degradation (Deutsch and Chin 1993; Kozak and Marnett, 2002) . Hydrolysis is catalyzed by a membranebound serine hydrolase enzyme, fatty acid amide hydrolase (FAAH) (Cravatt et al., 1996; Deutsch et al., 2002) .
FAAH activity regulates AEA levels in tissue because inhibition of the enzyme or disruption of the faah gene in knock-out mice (FAAH Ϫ/Ϫ ), both cause substantial increases in AEA concentrations measured in rodent brain and spinal cord (Cravatt et al., 2001; Lichtman et al., 2004a; Hohmann et al., 2005) . FAAH inactivation can reduce pain-related behavior by increasing AEA signaling at CBRs (Cravatt et al., 2001 , reducing hyperreflexic responses after inflammatory (Lichtman et al., 2004b; Holt et al., 2005; Jayamanne et al., 2006) or neuropathic injury (Chang et al., 2006; Jhaveri et al., 2006; Russo et al., 2007) , and enhancing stress-induced analgesia (Hohmann et al., 2005) .
Extracellular AEA can activate CBRs in vitro, inhibiting the activity of small, C-fiber dorsal root ganglion (DRG) neurons of the type that transmit nociceptive input to the CNS (Richardson et al., 1998; Ross et al., 2001 ; Ahluwalia et al., 2003a) . These neurons express vanilloid type 1 transient receptor potential (TRPV1) receptors that are activated by capsaicin and noxious heat and are critical to the development of inflammatory thermal hyperalgesia (Caterina et al., 1997 (Caterina et al., , 2000 . AEA production has been measured in capsaicin-sensitive DRG neurons and can excite DRG neurons intracellularly by activation of TRPV1 receptors (Ahluwalia et al., 2003a; van der Stelt et al., 2005) .
Neurons that produce AEA are also likely to contain FAAH (van der Stelt et al., 2005; Millns et al., 2006) . In rodent CNS, this status is supported by the proximity of FAAH-immunoreactive (IR) neurons to AEA-responsive CBRs (Egertová et al., 1998 Gulyas et al., 2004) . FAAH expression is reported in areas concerned with nociceptive transmission (PAG, thalamus, and the spinal cord) (Tsou et al., 1998) . However, nothing is known about the cellular distribution of FAAH in primary sensory neurons. This study examines the expression of FAAH immunoreactivity in the DRG and spinal cord and investigates changes associated with nerve injury and inflammatory states.
Materials and Methods
Adult male Wistar rats of 250 -300 g were used for all experiments, which were conducted according to United Kingdom Home Office regulations.
Sciatic nerve surgery. Rats were anesthetized by inhalation of 1-2% isoflurane (Abbott Laboratories) in O 2 and N 2 O, and one of the following aseptic procedures was applied to the left sciatic nerve. For axotomy, the nerve was exposed at midthigh level, tightly ligated with a 4.0 suture, and then sectioned. For spinal nerve transection (SNT), the L5 spinal nerve was exposed, tightly ligated, and sectioned 2-4 mm distal from the suture. Sham surgery was performed by exposing the appropriate part of the nerve in the absence of a ligation and sectioning injury. The time points at which the tissue was harvested after nerve injury ranged from 3 to 7 d after surgery. Sensory testing was conducted on SNT-injured animals to determine the establishment of hypersensitivity to mechanical and cold stimulation. Animals were placed in Plexiglas boxes with 0.8-cm-diameter mesh flooring and allowed to acclimatize for 15 min or until exploratory behavior ceased. For testing mechanical hypersensitivity, an electronic von Frey device (Moller et al., 1998) , with a probe tip area of 0.5 mm 2 (Somedic Sales), was applied manually to the midplantar surface of the hindpaw at a rate of 8 -15 g/s. The paw-withdrawal threshold was defined as the average force in grams that evoked an active limb-withdrawal response over five applications; at least 3 min elapsed between each test. Withdrawal to a cold stimulus was assessed using the acetone drop application technique modified from the work of Carlton et al. (1994) . Sampling was performed by the application of a single bubble of acetone to the midplantar surface of each hindpaw from the tip of a 1 ml syringe. A positive response was recorded if the animal withdrew the paw after acetone application. The paw was sampled five times, and a mean was calculated. Mean Ϯ SEM paw-withdrawal responses for mechanical and cooling stimuli, measured ipsilateral and contralateral to injury, were calculated for animals in each group on each testing day before and after surgery. Statistical comparisons were made between withdrawal responses (on different testing days or between different animal groups on the same testing day) using a one-way ANOVA, followed by the appropriate post hoc multiple comparison procedure. This was either a Tukey's or Dunn's test, or a Kruskal-Wallis one-way ANOVA on ranks using the Student-Newman-Keuls method.
Complete Freund's adjuvant-induced inflammation. Chronic inflammation of left rat hindpaws was induced by a 50 l injection of 50% complete Freund's adjuvant (CFA) (Sigma-Aldrich). As described previously, the development of thermal hypersensitivity was tested on the ipsilateral and contralateral side to CFA inflammation, 2 d after injection using the plantar test (Hargreaves et al., 1988) . Animals were placed in Plexiglas boxes, and, after the acclimatization period, timed pawwithdrawal response latencies were measured in response to an infrared beam (thermal stimulus) (Ugo Basile) positioned under the plantar surface of the paw. The mean Ϯ SEM of three withdrawal responses was calculated per paw, and the data were analyzed as described for responses to mechanical and cold stimulation.
Immunohistochemistry. Rats were anesthetized with sodium pentobarbital (60 mg/kg) and perfused through the ascending aorta with 100 ml of 0.9% saline and then 300 ml of 4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4. Lumbar (L4 and L5) DRG were located by tracing the lumbar dorsal roots back to the sciatic nerve. Dissected tissue was postfixed for 1-2 h at 4°C, cryoprotected in 15-30% sucrose in 0.1 M PB for 12 h at 4°C, and embedded in mounting medium. Cryosections were cut and thaw mounted onto Superfrost slides (VWR) at the following thicknesses: coronal brain, 30 m; transverse spinal cord, 20 m; sciatic nerve, 10 m; and DRG, 10 m. Fresh-frozen tissue from FAAH Ϫ/Ϫ or FAAH ϩ/ϩ mice (Ledent et al., 1999 ) (obtained from a colony maintained by Prof. David Baker, Institute of Neurology, UCL, London, UK) were cryosectioned and fixed in acetone. For paraffin sections, postfixed tissue was embedded in paraffin wax and cut at 5 m thickness on a vibraslice. Dried and dewaxed sections were processed identically for immunohistochemistry. Slides were incubated with PBST (0.1 M phosphate buffer, 0.1% sodium azide, 0.3% Triton X-100, and 0.3 M NaCl) containing 10% normal donkey serum for 1 h at room temperature. A rabbit primary antibody raised to a truncated form of rat FAAH protein, ⌬TM FAAH comprising amino acids 38 -579 as described previously (Patricelli et al., 1998; Cravatt et al., 2001 ) was diluted 1:2000 in PBST containing one of the following costaining primary antibodies: mouse anti neuronalspecific nuclear protein (NeuN) at 1:2000 (Millipore Bioscience Research Reagents), sheep anti-calcitonin gene-related peptide (CGRP) at 1:2000 (Affinity BioReagents), mouse anti-NF200 (N52) at 1:1 to 1:2000 (Sigma-Aldrich), or goat anti-peripherin at 1:100 (Santa Cruz Biotechnology). Slides were incubated with antibody mixtures for 48 h at room temperature and processed for signal amplification using avidin-biotin (Vector Laboratories) and tyramide reagents [tyramide signal amplification (TSA)] (PerkinElmer Life and Analytical Sciences). This was followed by a 2 h incubation with fluorescent 5-(4,6-dichlorotriazinyl)-aminofluorescein or rhodamine-conjugated streptavidin antibodies (1:200; The Jackson Laboratory) together with an appropriate fluorophore-conjugated secondary antibody raised against the costaining primary antibody. Fluorescein-labeled Griffonia simplicifolia isolectin B4 (IB4) (Sigma-Aldrich) was incubated at 10 g/ml for 1 h during the final incubation step for FAAH staining. Slides were mounted in Vectashield medium containing a 4Ј,6Ј-diamidino-2-phenylindole (DAPI) nuclear counterstain (Vector Laboratories). Costaining of FAAH with other rabbit antibodies [anti-TRPV1 at 1:1000 (Affinity BioReagents), anti-S100 at 1:1200 (Dako), and anti-activating transcription factor 3 (ATF3) (Santa Cruz Biotechnology)] was performed subsequent to the TSA procedure for the FAAH antibody, as described previously (Michael et al., 1997) . Costaining of spinal cord tissue with type 1 cannabinoid receptor (CB 1 ) antibodies was performed with TSA, followed by incubation of FAAH antibodies at 1:200. The rabbit CB 1 antibody used was raised to amino acids 461-473 of the C-terminal domain of the rat CB 1 receptor [affinity purified from antiserum 2824.4(2) ] and incubated at 1:10 for 64 h at room temperature. Controls for FAAH immunohistochemistry included the following: (1) omission of the primary antibody, (2) preabsorption of the FAAH antibody at 1:1000 with the immunizing peptide at 10 g/ml for 1 h at room temperature followed by tissue incubation with the preabsorbed antibody, (3) testing the antibody on tissue from FAAH Ϫ/Ϫ mice (Ledent et al., 1999) , and (4) use of an alternative rabbit polyclonal antibody raised against a 17 aa immunogen from the N terminus of human FAAH protein (immunogen 100% conserved in rat) (Millipore Bioscience Research Reagents) .
Image analysis and quantification of immunofluorescent DRG cells. Immunofluorescent images were visualized using a Leica DMR Fluorescence microscope and captured on a Hamamatsu CCD camera using QWIN image processing software (Leica). Quantification of the images from immunopositive DRG cells was semiautomated using softwarebased measurement of fluorescence intensity. The standard threshold grayscale intensity for detection of FAAH-immunoreactive cells was set at 130 -255 arbitrary units (a.u.) and applied uniformly to all DRG images captured under identical illumination and exposure conditions. At least 100 DRG cells were randomly sampled per animal from serial sections at a distance of Ͼ10 sections apart from each other. Outlines of DRG cell profiles containing a DAPI-or NeuN-labeled nucleus were drawn over each image to produce an overlay of the nucleated cell profiles. Exclusion of non-nucleated, immunopositive cell profiles from the size analysis was designed to prevent inaccurate measurements of elliptical-shaped DRG neuronal soma measured in cross section (Potrebic et al., 2003) . A version of the nucleated cell profile overlay was modified using threshold intensity measurements to represent the population of immunopositive nucleated profiles. Both overlays were used to count and make area and fluorescence intensity measurements of all nucleated DRG cell profiles, as well as immunopositive cells within this group. Analysis of DRG images from injured and uninjured rats was performed by an investigator who was blinded to the treatment groups. Measurements were expressed as mean Ϯ SEM for DRG sections sampled from each animal and for animals in each experimental group. The percentage of NeuN-IR DRG neurons colabeled with another marker were calculated for each animal and expressed as a mean Ϯ SEM per experimental group. Statistical comparisons were made between different experimental groups using Student's t tests or one-way ANOVAs, together with the appropriate post hoc multiple comparison procedure.
Western blotting. Frozen tissue samples were thawed to 4°C and homogenized in lysis buffer: 50 mM Tris, pH 8.0, 100 mM NaCl, 10% glycerol, 1% Triton X-100, 5 mM EDTA, 1 mM PMSF, 10 g/ml antipain, 10 g/ml leupeptin, 1 mM sodium vanadate, 1 g/ml pepstatin A (all from Sigma-Aldrich). Lysates were rotated for 1 h at 4°C and then centrifuged (10 min at 12,000 ϫ g). Supernatants were collected and the total protein concentration determined using a BCA kit (Pierce via Perbio Science). Samples (normalized for protein concentration) were denatured in the appropriate PAGE loading buffer at 95°C for 5 min (or 70°C for 10 min for Bis-Tris gels). Protein extracts were separated using one of two electrophoresis systems: 10% Tris-HCl polyacrylamide gels (Bio-Rad) or NuPAGE Novex 4 -12% Bis-Tris gels (Invitrogen) before transfer to nitrocellulose membranes. After blocking in a 6% solution of dried skimmed milk in TBST (Tris-HCl-buffered saline at pH 8.0 containing 0.05% Tween 20), blots were probed with ⌬TM FAAH primary antibody (1:200 in block) at 4°C overnight. After detection using peroxidaseconjugated secondary antibody and chemiluminescence, membranes were stripped and reprobed with anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody (1:5000 in TBST at 4°C overnight; Abcam). Densitometric analysis of gel bands was performed using QWIN image analysis software (Leica). Briefly, images of the bands were captured under standard light conditions, and the optical densities of pixels sampled from images of each gel band were measured using a standardsized area selection tool. Average pixel measurements derived from three separate gels were compared between different experimental groups using a one-way ANOVA and post hoc Tukey's test.
Reverse transcriptase-PCR. Reverse transcriptase (RT)-PCR was performed using samples from two L4 DRG per rat, ϳ30 mg of lumbar spinal cord or ϳ30 mg of hippocampal tissue. RNA was extracted according to the method of Akiba et al. (2004) using an RNeasy mini kit (Qiagen). Using a mastercycler (Eppendorf), reverse transcription proceeded at 42°C for 50 min, followed by a 15 min inactivation step at 70°C. A duplicate set of RNA samples (with the transcriptase enzyme omitted) was included in this reaction as a control for genomic DNA contamination in the PCR step. Both sample sets were run simultaneously for PCR amplification. PCR primers were designed across FAAH exon boundaries to prevent the amplification of genomic DNA (forward, 5Ј-GCC CTT CAG AGA GCA GCT CT-3Ј designed across exons 7 and 8, intervening intron ϳ1159 bp; reverse, 5Ј-CTT TTC AGC TGA CCG AGG AC-3Ј across exons 11 and 12, intervening intron ϳ265 bp). Database analysis with a basic local alignment search tool BLASTN search of GenBank was performed to assess and rule out potential hybridization with rat cDNA sequences other than FAAH. After 30 s denaturation at 96°C, the PCR reaction proceeded for 30 cycles of 1 min at 58°C for annealing and 3 min at 72°C for extension. PCR products were run on 2% agarose gels using standard protocols. The predicted size of the amplicon was 394 bp.
Dissociated DRG culture. DRG neurons were isolated from adult Sprague Dawley rats according to previously described methods (Singh Tahim et al., 2005) . Briefly, coverslips bearing cultured cells were maintained at 37°C for Ͼ2 d. After three washes in PBS solution at 37°C, immunohistochemistry procedures were then performed at room temperature. Coverslips were fixed in 4% paraformaldehyde for 30 min, followed by PBS washes, incubation with PBST containing 10% normal donkey serum for 30 min, and then incubation with ⌬TM FAAH primary antibody at 1:400 for 12 h. Costaining primary antibodies were either NeuN at 1:1000 or NF200 at 1:10,000. Secondary antibodies raised against rabbit and mouse IgG conjugated to cyanine 3 or FITC fluorophores (The Jackson Laboratory) were incubated for 1 h at 1:300 in PBST containing 4% normal donkey serum. Coverslips were slide mounted using Vectashield.
Cobalt uptake. TRPV1-mediated activation of cultured DRG neurons was assessed by cobalt uptake, as described previously (Sathianathan et al., 2003) . Coverslips were washed for 2 min in buffer solution (in mM: 57.5 NaCl, 5 KCl, 2 MgCl 2 , 10 HEPES, 12 glucose, and 139 sucrose, pH 7.4) and then preincubated for 5 min in buffer containing one of the following: the FAAH enzyme inhibitor URB597 (cyclohexylcarbamic acid 3-carbamoyl biphenyl-3-yl ester) (Mor et al., 2004; Fegley et al., 2005) ; buffer solution only (control); SR141716 [N-(piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-3-pyrazole carboxamide] (CB 1 antagonist); URB597 ϩ SR141716; or URB597 and the TRPV1 antagonist capsazepine (Table 1) . Cells were then incubated in one of the buffer solutions containing 5 mM CoCl 2 (cobalt-uptake solution) as listed in Table 1 .
Cobalt taken up by the neurons through activated nonselective cationic channels (Nagy et al., 1993) was precipitated by adding a 2.5% mercaptoethanol solution in buffer for 1 min. Cells were fixed in 70% ethanol. The cobalt precipitate (Co-ppt) was visualized by light microscopy. After background subtraction, images of labeled and nonlabeled cells were captured in grayscale, and their average optical intensity was measured within defined cell areas using QWIN image analysis software. Frequency distributions of optical intensity data (representing Co-ppt levels in Ͼ100 cells after each active or vehicle treatment) were fitted to Gaussian curves to determine the intensity threshold for Co-ppt-positive cells, as described previously (Sathianathan et al., 2003) . Negative and positive control experiments were performed for each culture, in which control buffer or 10 M capsaicin was added to the cobalt-containing buffer, respectively. Optical intensities from cells in the two types of experiment were fitted to Gaussian curves. The negative experiments represented two cell subpopulations, whereas three separate subpopulations were defined in the positive experiment. Mean optical intensity values for cells in the third subpopulation were higher than those of the two other subpopulations in both experiments and represented labeled cells. The cutoff point between the labeled and nonlabeled cells was determined as the mean value minus the 95% confidence interval for the third Gaussian curve in positive experiments. This optical intensity value was used to establish the relative number of labeled cells in all coverslips from the same culture. Data were presented as mean Ϯ SEM. Differences in the relative number of labeled cells produced by various treatments 
A list of reagents and their concentrations when added to preincubation buffer solution or cobalt uptake buffer solution. Cultured DRG cells mounted on coverslips were transferred to one of the preincubation solutions for 5 min before transfer into a cobalt uptake buffer solution containing CoCl 2 for 5 min.
were analyzed by one-way ANOVA, with significance established by the Fisher's protected least significant difference (PLSD) test. Differences were regarded as significant at p Ͻ 0.05.
Results

FAAH mRNA is present in DRG tissue
First, we studied whether FAAH mRNA was expressed by primary sensory neurons in DRG. The PCR products generated using cDNA were prepared by reverse transcription from mRNA isolated from naive rat L4 DRG and corresponded to the size predicted for primers designed to amplify rat FAAH cDNA (394 bp) ( Fig. 1 A) . Similar PCR products could be observed using samples prepared from rat hippocampus and spinal cord. Control samples, run in duplicated conditions but without the reverse-transcriptase enzyme, were negative (data not shown).
This, together with the design of FAAH-specific primers across exon boundaries, excludes the possibility of contamination from genomic DNA and provides evidence for the expression of mRNA in rat lumbar DRG and spinal cord.
Specificity and selectivity of the anti-FAAH antibody
Next, to determine whether the antibody used to analyze FAAH expression was specific and selective and whether the FAAH mRNA in DRG was translated into protein, we ran a Western blot analysis of protein samples isolated from FAAH ϩ/ϩ and FAAH Ϫ/Ϫ mouse DRG, rat DRG, spinal cord, sciatic nerve, and hippocampus ( Fig. 1 B) . In each sample (except for FAAH Ϫ/Ϫ mouse DRG), an immunoreactive band of ϳ60 kDa was detected by the ⌬TM FAAH antibody, which is consistent with the pre- dicted molecular mass of rat FAAH protein, ϳ63 kDa (Cravatt et al., 1996) , and comparable with the size of FAAH-IR protein isolated from other neuronal tissues (Cravatt et al., 2001; Egertová et al., 2003) . The same antibody, when used for immunohistochemistry, produced staining in a subpopulation of cells in sections of DRG taken from FAAH ϩ/ϩ mice ( Fig. 1 F) . However, the staining was absent in DRG sections from FAAH Ϫ/Ϫ mice (Fig. 1 E) . DRG obtained from rats also contained a subpopulation of FAAH-IR cells (Fig. 1G-J,K-M ) . Colabeling of the sections with the NeuN marker of neuronal nuclei indicated that these FAAH-IR cells were primary sensory neurons (Fig. 1 J, M ) . Preabsorption of the primary antibody resulted in a lack of FAAH immunoreactivity in rat DRG tissue (Fig. 1C) when compared with the staining produced using the non-preabsorbed antibody on a serial section from the same DRG (Fig. 1 D) . A similar staining pattern was observed in rat lumbar DRG tissue stained with an alternative FAAH antibody raised against a different area of the FAAH protein (Fig. 1 N) . These findings confirm the specificity of the FAAH antibody, as demonstrated previously for other types of neuronal tissue (Cravatt et al., 2001; Egertová et al., 2003) , and suggest that FAAH mRNA is translated into protein in a subpopulation of primary sensory neurons in both mouse and rat DRG.
Localization of FAAH immunoreactivity in small DRG neurons
FAAH immunoreactivity was found in the cell soma of DRG neurons colabeled with NeuN ( Fig. 1 J, M ) . Of the 1804 NeuN-IR DRG cells captured for image analysis (n ϭ 6), 591 were FAAH-IR. On average, 32.7 Ϯ 0.8% (mean Ϯ SEM) of NeuN-labeled cells sampled from each animal were FAAH-IR. The cell-size distribution of FAAH-IR and NeuN-IR neuron populations from L4 DRG revealed that most nucleated FAAH-IR neurons were small in size (Fig. 2 A) compared with the total population of NeuN-IR neurons. The mean Ϯ SEM area of FAAH-IR cells was 396.0 Ϯ 5.6 m 2 . This was significantly smaller than the average size of NeuN-IR cells, 511.9 Ϯ 8.4 m 2 ( p Ͻ 0.05, Kruskal-Wallis oneway ANOVA).
Distribution of FAAH among DRG neuron subpopulations
The location of FAAH immunoreactivity on small DRG neurons was confirmed by costaining studies with markers associated with small or large DRG cell populations (Fig. 2 B-F ) . Considering only those neuronal profiles with a DAPI-stained nucleus, FAAH immunoreactivity demonstrated a high degree of colocalization with peripherin (neurofilament light), a marker found predominantly in small DRG neurons with unmyelinated C-fiber axons (Goldstein et al., 1991) . On average, 85.6 Ϯ 7.2% of FAAH-IR cells counted (n ϭ 180) costained with peripherin antibodies and 48.6 Ϯ 5.7% of peripherin-labeled cells (n ϭ 334) stained with FAAH (Fig. 2 B) . In contrast, Ͻ2% of FAAH-IR neurons (n ϭ 131) were colabeled with the NF200 antibody (Fig. 2C) recognizing the 200 kDa heavy chain neurofilament protein found in medium-to large-sized cell bodies subtending myelinated axons (Lawson and Waddell, 1991) .
The population of DRG neurons with unmyelinated C-fibers can be further subdivided into cells that bind the lectin IB4 and those containing the neuropeptide CGRP (Snider and McMahon, 1998) . FAAH immunoreactivity was predominantly found in the IB4-labeled subpopulation, as a larger proportion of FAAH-IR DRG cells colabeled with IB4 (72.0 Ϯ 4.2%; n ϭ 131) (Fig. 2 E) . A smaller proportion of DRG neurons were colabeled with FAAH and CGRP antibodies (39.4 Ϯ 13.1%; n ϭ 76), and only 30.1 Ϯ 10.9% of CGRP-IR cells counted (n ϭ 244) had FAAH labeling (Fig. 2 F) . Measurement of the average intensity of CGRP staining in FAAH-IR soma (74.4 Ϯ 3.0 a.u.) showed that this was significantly lower than in CGRP-IR cells without FAAH staining (94.6 Ϯ 2.0 a.u.; p Ͻ 0.001, t test). This indicates that a population of weakly CGRP stained neurons were FAAH-IR.
A large proportion of FAAH-IR neurons (64.5 Ϯ 3.2%; n ϭ 124) costained for TRPV1 (Fig. 2 D) , the receptor conferring capsaicin sensitivity on small nociceptive sensory neurons (Caterina et al., 1997) . Analysis of costaining data produced using FAAH and TRPV1 antibodies indicates that approximately half of TRPV1-labeled cells do not have FAAH staining. Given that approximately half of the TRPV1-expressing cells are IB4 positive (Michael et al., 1999) , and that FAAH was expressed mainly by IB4-labeled neurons, it is likely that the majority of neurons expressing TRPV1 and FAAH should also be IB4 positive.
Culturing does not induce major changes in FAAH expression in primary sensory neurons
Cultured adult rat DRG cells were costained with antibodies to FAAH and NF200 (Fig. 3A) . On average, 26.3 Ϯ 1.4% of n ϭ 437 DRG cells were FAAH labeled. The NF200 antibody labeled 18.3 Ϯ 1.5% of cells. In agreement with staining in DRG tissue sections, colabeling of FAAH with the NF200 large-cell marker was rare in cultured DRG cells (1.5 Ϯ 1.2%). In addition, the average area of FAAH-IR cells (302.1 Ϯ 16.9 m 2 ; n ϭ 109) was significantly smaller than NF200-labeled cells (650.9 Ϯ 87.6 m 2 ; n ϭ 68; p Ͻ 0.006, Student's t test); cell-size distributions are shown in Figure 3B . The distribution of FAAH immunoreactivity within the small cell population of cultured rat DRG neurons is consistent with the pattern of labeling in tissue sections of rat DRG and with the costaining of FAAH immunoreactivity with a marker of small cells in cultured rat trigeminal neurons (Price et al., 2005) . These data suggest that culturing does not induce major transcriptional or translational changes in FAAH expression.
FAAH is functional in primary sensory neurons
Next, we studied the effect the FAAH inhibitor URB597 on TRPV1-mediated responses in cultured primary sensory neurons after 2 d in culture. TRPV1 is a nonselective cationic channel, which, in addition to Na ϩ , K ϩ , and Ca 2ϩ , is also permeable to Co 2ϩ ions (Sathianathan et al., 2003; Singh Tahim et al., 2005) . AEA is an endogenous agonist of the TRPV1 ion channel (Zygmunt et al., 1999) , and incubation of cultured DRG neurons with AEA induces cobalt uptake in these cells (Singh Tahim et al., 2005) . We assessed cobalt accumulation in cultured primary sensory neurons in a series of conditions, including the application of URB597, an inhibitor of FAAH that has been shown to reduce FAAH activity in cultured rat CNS tissue (Hohmann et al., 2005) .
In control experiments, incubation of DRG neurons with capsaicin (1 M) for 5 min in the presence of CoCl 2 induced Co 2ϩ influx in a mean Ϯ SEM of 32.1 Ϯ 5.4% of cells (n ϭ 234). The proportion of Co-ppt-positive cells was significantly higher than after incubating the cells with the CoCl 2 -containing buffer without capsaicin (1.3 Ϯ 0.4%; n ϭ 256; p Ͻ 0.05, one-way ANOVA, followed by Fisher's PLSD test) (Fig. 3D) . Incubation in CoCl 2 buffer containing either AEA (1 M) or the FAAH inhibitor URB597 (1 M) also induced Co 2ϩ influx (Fig. 3C) . The proportion of Co-ppt-positive cells after AEA or URB597 treatment was 8.3 Ϯ 3.8%, n ϭ 175 and 8.6 Ϯ 2.2%, n ϭ 189, respectively (not significantly different from the control). Preincubation and coincubation of cells with URB597 (1 M) added together with AEA in the CoCl 2 buffer produced a significant increase in the proportion of cells positive for Co-ppt but not when the TRPV1 receptor antagonist capsazepine (10 M) was added to both the pretreatment and CoCl 2 -containing buffers ( p Ͻ 0.05, one-way ANOVA, Fisher's PLSD test) (Fig. 3D) . The proportion of cells positive for Co-ppt after treatment with 1 M AEA or 1 M URB597 also reached significance over the control when these agents were applied in the presence of the CB 1 receptor antagonist SR141716 (12.6 Ϯ 4.6%, n ϭ 203 with 1 M SR141716 and 1 M AEA, and 12.7 Ϯ 3.5%, n ϭ 185 with 1 M SR141716 and 1 M URB597 treatment) ( p Ͻ 0.05, one-way ANOVA, Fisher's PLSD test) (Fig. 3D) .
Localization of FAAH immunoreactivity in spinal cord and sciatic nerve
In addition to DRG, FAAH protein was also detected in samples from rat spinal cord and sciatic nerve by Western blotting (Fig.  4 A) . Thus, we studied whether FAAH expression in those structures was attributable to transport of this protein to the peripheral and central terminals of primary sensory neurons. FAAH immunostaining was observed in transverse sections of rat lumbar spinal cord both in the white and gray matter of both the dorsal and ventral horns (Fig. 4 B) . In colabeling experiments, circular areas of FAAH immunoreactivity in the gray matter of dorsal and ventral horns were associated with NeuN labeling, indicating that FAAH immunoreactivity was located within the soma and dendrites of neurons (Fig. 4 Bii-Biv). The presence of FAAH-IR neurons in the spinal cord is consistent with previous observations (Tsou et al., 1998; Romero et al., 2002) . Double staining with antibodies to CB 1 and FAAH revealed a regional codistribution of punctate CB 1 labeling and FAAH-IR neurons in the upper laminae of the dorsal horn (Fig. 4Ci,Cii) . Intense immunofluorescent labeling of the CB 1 receptor was also observed within the dorsal lateral funiculus, again consistent with previous observations by Farquhar-Smith et al. (2000) , and this was located surrounding nucleated cells stained with the FAAH antibody (Fig. 4Civ) .
In agreement with the FAAH expression observed by Western blotting, FAAH immunoreactivity was also observed in longitudinal sections of sciatic nerve tissue, with intense staining present in discreet areas along fiber tracts and weaker staining present in longitudinal fibers (Fig. 4 Di,Ei). Costaining with the S100 antibody (marker of Schwann cells) (Fig. 4 Diii,Div,Eiii,Eiv) revealed colocalization of FAAH and S100 in nucleated, cell-like structures that remained separate from nerve fibers labeled with NF200 (Fig. 4 Fi) . Staining of nerve tissue in cross section confirmed FAAH labeling of structures surrounding nerve fibers. FAAH was only present in fibers that were labeled with the S100 antibody (Fig.  4 Fiv). To investigate evidence for axonal transport of FAAH-IR material in DRG neurons, FAAH staining was also performed on longitudinal sections of sciatic nerve, harvested at either 24 h or 7 d after an axotomy injury. There was no visible accumulation of FAAH immunoreactivity proximal to the injury site at either time point, which indicates that FAAH is not targeted to the axons of DRG neurons.
Injury to peripheral nerves induces changes in FAAH expression pattern in DRG
Nerve injury induces transcriptional, translational, and posttranslational changes in primary sensory neurons (Hök-felt et al., 1994; Noguchi et al., 1995) . It is believed that at least some of these changes might have causal relationship with the development of pain associated with injuries of peripheral nerves. Thus, next we studied the effect of nerve injury on FAAH expression in primary sensory neurons in two animal models.
Axotomy
Seven days after unilateral axotomy or sham injury to the sciatic nerve, L5 DRG were harvested and processed for FAAH immunohistochemistry. A change in the size of FAAH-IR neurons was observed on DRG sections that were ipsilateral to the axotomy injury (Fig. 5) . FAAH staining was now observed within the soma of medium-to large-sized DRG neurons on the ipsilateral side to axotomy (Fig. 5A) , whereas only small-sized neurons on the con- . Right, Merged image shows no overlap of FAAH-IR and NF200-IR cells. B, Size distribution of FAAH-IR and NF200-IR cultured adult rat DRG neurons (437 cells sampled, n ϭ 4). C, Micrograph images of cultured adult rat DRG neurons after precipitation of cobalt chloride (scale bars, 50 m). Dark-colored cells contain cobalt precipitate after a cobalt uptake experiment with the treatment indicated. D, Cobalt uptake experiments: mean percentage of cultured adult rat DRG neuronal cells with an optical density above the threshold positive for Co-ppt after the treatments indicated in the corresponding table below each graph column (n ϭ 3-6 experiments per group). Preincubation of cultures was performed for 5 min with control buffer (Cont) alone or with one of the following solutions added: URB597 (URB) at 1 M with or without capsazepine (CAPZ) at 10 M or SR141617 (SR1) at 1 M (see Table 1 ). Cells were then incubated for 5 min with a buffer containing CoCl 2 together with other solutions according to the table. The proportion of cells positive for Co-ppt was significantly higher than control levels after treatment with capsaicin at 1 M. Treatment with AEA at 1 M produced a significant increase in cells positive for Co-ppt only after pretreatment and cotreatment with the FAAH inhibitor URB597 at 1 M but not if this experiment was performed in the presence of CAPZ. Pretreatment and cotreatment with the CB 1 receptor inhibitor SR141617 at 1 M also produced significant increases in the proportion of Co-ppt-positive cells in response to either AEA at 1 M or URB597 at 1 M added to the CoCl 2 buffer. *p Ͻ 0.05, one-way ANOVA, Fisher's PLSD test. tralateral side were FAAH-IR (Fig. 5B) , consistent with the pattern of staining found in lumbar DRG from naive animals ( Fig.  1 K) . This difference in the size of FAAH-IR neurons on the ipsilateral compared with the contralateral side to injury was not observed in DRG tissue from sham-operated animals (Fig. 5C) . Cell-size analysis of DRG soma derived from the ipsilateral and contralateral sides of axotomized or sham-operated rats 7 d after surgery and naive rats (Fig. 5D-F ) confirmed a rightward shift in the size of FAAH-IR neurons on the injured side of axotomized rats compared with those on the contralateral side (Fig. 5D) . The mean area of the FAAH-IR DRG neurons was significantly increased on the side ipsilateral to an axotomy injury (603.3 Ϯ 38.4 m 2 ; n ϭ 6; 330 cells) compared with FAAH-IR neurons from the uninjured side (440.5 Ϯ 20.7 m 2 ; n ϭ 6; 448 cells; p Ͻ 0.05 ANOVA, post hoc Tukey's test) and those on the ipsilateral side to sham-operated animals (Fig. 5G) . This change could not be accounted for by differences in the number of NeuN-labeled neurons sampled from ipsilateral (total of n ϭ 808 cells) and contralateral (total of n ϭ 848 cells) DRG in each size category (Fig.  5H ) and did not occur in DRG profiles from the injured and uninjured sides of sham-operated or naive animals ( Fig. 5E-G) . The increase in the average size of FAAH-IR neurons ipsilateral versus contralateral to injury was also significant when DRG tissue was harvested 3 d after axotomy surgery (Fig. 5G) . The proportion of FAAH-IR neurons on the ipsilateral side to injury was 42.1 Ϯ 5.7% (n ϭ 808 NeuN-IR cells) compared with the contralateral side (35.7 Ϯ 3.2%; n ϭ 848 NeuN-IR cells), although this difference was not statistically significant. The proportion of FAAH-IR cells on the contralateral side was close to that found in naive animals (32.8 Ϯ 0.9%; n ϭ 1241 NeuN-IR cells).
The change in the distribution pattern of FAAH immunoreactivity was confirmed by costaining of large FAAH-IR cells with anti-NF200 antibodies ipsilateral, but not contralateral, to an axotomy injury (Fig. 5 I, J ) . Costaining the sections with the anti-FAAH and anti-TRPV1 antibodies was also performed on both ipsilateral and contralateral DRG sections after axotomy (Fig.  5 A, B) . In agreement with previous findings (Michael and Priestley, 1999) , these experiments showed that the proportion of TRPV1-IR DRG neurons ipsilateral to axotomy injury (14.5 Ϯ 1.9%; n ϭ 386) was reduced compared with the proportion of these cells on the contralateral side (38.4 Ϯ 3.7%; n ϭ 409). Consistent with the changes in FAAH and TRPV1 expression, the relative number of cells coexpressing FAAH and TRPV1 was also altered. Whereas 60.7 Ϯ 10.6% (n ϭ 131) of the FAAH-IR cells were colabeled with TRPV1 on the contralateral side, only 8.5 Ϯ 3.9% (n ϭ 164) of the FAAH-labeled cells costained for TRPV1 on the ipsilateral side. The difference in the proportion of the cells between the two sides was significant ( p Ͻ 0.0001). Costaining was also performed using the anti-FAAH antibody and an antibody raised against ATF3 (Fig. 5K ) , which identifies primary sensory neurons under sustained cellular stress. There were no ATF3-immunolabeled cells on the contralateral side, but the majority (74.9 Ϯ 3.5; n ϭ 282) of FAAH-IR neurons ipsilateral to axotomy injury contained ATF3 labeling, including large-sized neurons of Ͼ600 m 2 .
Spinal nerve transection
In agreement with previously published data, after the ligation and transection of a lumbar spinal nerve (SNT injury), animals developed reflex hypersensitivity to mechanical and cold stimuli, assessed 7 d after surgery. The mean Ϯ SEM force in grams required for reflex withdrawal of injured hindpaws (26.9 Ϯ 4.0 g) was significantly lower when compared with the preinjury paw baseline (52.9 Ϯ 2.3 g) ( p Ͻ 0.001) and with the responses of uninjured contralateral paws (48.8 Ϯ 1.7 g) ( p Ͻ 0.001) or of the ipsilateral paws of sham-operated animals (45.4 Ϯ 2.5 g) ( p Ͻ 0.01; ANOVA, Tukey's tests; n ϭ 4 per group). In sham-operated animals, no differences were found between mean withdrawal responses at baseline (48.5 Ϯ 2.1 and 49.8 Ϯ 2.1 g) and 7 d after injury (45.4 Ϯ 2.5 and 50.0 Ϯ 2.6 g) for ipsilateral and contralateral paws, respectively, and there was no difference in baseline responses (50.6 Ϯ 2.5 g) compared with 7 d after injury on the contralateral side of SNT animals ( p Ͼ 0.05; ANOVA, Tukey's test). SNT-injured paws all responded with 100% frequency to a cold acetone stimulus, a significantly higher response rate compared with the opposite uninjured paws (mean response rate, 5.0 Ϯ 5.8%), the ipsilateral paws of sham-operated animals (10.0 Ϯ 6.7%), and ipsilateral pre-SNT injury baseline (0%) ( p Ͻ 0.001, Kruskal-Wallis ANOVA, Student-Newman-Keuls; n ϭ 4 per group). Using this test, there was no difference in the responses of sham-operated animals on the ipsilateral side versus the contralateral side to injury (5.0 Ϯ 5.8%) or from respective preinjury baselines (0 and 5.0 Ϯ 5.8%).
As with DRG tissue from axotomized animals, larger-sized neurons ipsilateral to the SNT injury stained positively for FAAH immunoreactivity (Fig. 6 A) , whereas those on the contralateral side (Fig. 6 B) and the ipsilateral side of sham-operated animals did not (Fig. 6C) . Cell-size analysis confirmed a pronounced rightward shift in the size distribution of ipsilateral FAAH-IR neurons (Fig. 6 D) . On average, FAAH-IR cells were significantly larger ipsilaterally (658.1 Ϯ 12.1 m 2 ; n ϭ 219) than those on the contralateral side (402.4 Ϯ 12.4 m 2 ; n ϭ 156) or on the ipsilateral or contralateral side of sham-operated animals (414.5 Ϯ 10.7 m 2 , n ϭ 215 and 429.2 Ϯ 12.4, n ϭ 224 for ipsilateral and contralateral sides, respectively) (Fig. 6 E) . SNT injury increased the proportion of FAAH-IR cells (50.6 Ϯ 3.7%; n ϭ 442 NeuN-IR cells) when compared with the contralateral side (34.5 Ϯ 5.8%; n ϭ 449 NeuN-IR cells) or the ipsilateral side of sham-operated animals (33.8 Ϯ 3.1%; n ϭ 630) ( p Ͻ 0.05, ANOVA, Tukey's test), whereas the proportion of FAAH-IR neurons on the contralateral side of SNT animals was not significantly different from that found in naive animals (32.7 Ϯ 0.8%; n ϭ 1402 NeuN-IR cells). There was a concomitant reduction in the proportion of TRPV1-labeled cells on the injured side (1.6 Ϯ 1.9%; n ϭ 4) compared with the uninjured side (46.1 Ϯ 1.3%; n ϭ 162) (Fig.  6 A, B) . This ipsilateral decrease was more extensive compared with axotomized tissue ( p Ͻ 0.05, ANOVA, Tukey's test).
Western blot analysis of protein extracts from SNT-injured and contralateral DRG confirmed that FAAH immunoreactivity was upregulated on the ipsilateral side of the injury (Fig. 6 F) . Densiometric analysis of the FAAH-IR bands showed higher optical density values with ipsilateral DRG samples compared with those on the uninjured, contralateral side. There was no difference in the optical density values measured for GAPDH-IR bands (Fig. 6G) .
Inflammation of peripheral tissues does not induce changes in FAAH expression pattern
Similarly to peripheral nerve injury, inflammation of the peripheral tissues also induces plastic changes to cell markers in primary sensory neurons (Calzà et al., 1998; Ji et al., 2002) . Thus, we also studied whether inflammation of peripheral tissues induces any changes in the FAAH expression pattern. CFA injection induced inflammation of the hindpaw skin and produced concomitant reflex hypersensitivity to thermal and mechanical stimuli, measured by behavioral testing before and after injection. Withdrawal latencies to thermal stimulation were significantly shorter for the inflamed hindpaw compared with preinjury baseline levels and were also shorter when compared with the uninjured contralateral paw ( p Ͻ 0.05, one-way ANOVA, Tukey's test) (Fig. 7A) . Similarly, the threshold for paw-withdrawal responses to mechanical stimulation were also significantly reduced ipsilaterally at 1 and 2 d after CFA injection when compared with preinjury baseline levels and the responses of the contralateral paws at these time points ( p Ͻ 0.01, one-way ANOVA, Tukey's test) (Fig. 7B ). Ipsilateral and contralateral L5 DRG from CFA-treated animals (n ϭ 4) were processed for FAAH immunohistochemistry. Analysis of the cell-size distribution of FAAH-IR soma (Fig.  7C ) revealed no inflammation-related changes ipsilateral to CFA injection. There was no difference in the mean Ϯ SEM soma size of FAAH-IR DRG neurons on the inflamed side compared with the contralateral side or DRG neurons from naive animals ( p ϭ 0.885, one-way ANOVA). There was also no change in the average proportion of FAAH-IR DRG neurons ipsilateral (27.2 Ϯ 3.1%; n ϭ 467 nucleated cells) versus contralateral (29.2 Ϯ 1.7%; n ϭ 446 nucleated cells) to the inflammation ( p ϭ 0.5921, Student's t test).
Discussion
To better understand how AEA might modulate peripheral nociceptive transmission, it is important to map the location of FAAH in tissue relevant to this function. This study investigated FAAH expression in DRG sensory neurons, peripheral nerve tissue, and spinal cord neurons.
RT-PCR experiments provided evidence for the presence of FAAH mRNA in adult rat DRG and spinal cord. FAAH protein was detected in rat DRG, spinal cord, and peripheral nerve tissue using Western blotting. The size of the immunoreactive bands was comparable with those obtained from brain tissue homogenate (Egertová et al., 1998; Cravatt et al., 2001; Ortega-Gutiérrez et al., 2004) and cells transfected with FAAH cDNA (Patricelli et al., 1998) .
FAAH protein-specific antibodies labeled approximately onethird of neuronal soma in rat DRG tissue and dissociated culture. Cell-size measurements and the absence of costaining with NF200 antibodies indicated that FAAH-IR DRG neurons were small, of the kind subtending unmyelinated C-fiber axons (Lawson and Waddell, 1991) and colocalizing with small cell markers: peripherin, IB4, and TRPV1 (Goldstein et al., 1991; Michael and Priestley, 1999; Liu et al., 2004) . Many FAAH-IR neurons (64.5%) costained for TRPV1, consistent with FAAH and TRPV1 costaining observed in cultured rat trigeminal ganglia neurons (Price et al., 2005) and hippocampal and cerebellar mouse brain neurons (Cristino et al., 2008) .
Colocalization of FAAH and TRPV1 in DRG soma is supported by functional evidence from cobalt uptake experiments. Pretreatment of DRG cultures with the FAAH enzyme inhibitor URB597 increased the proportion of cells positive for Co-ppt after AEA application. AEA-and URB597-dependent cobalt up- . D, Cell-size distribution of FAAH-IR neurons ipsilateral and contralateral to an SNT injury. E, Mean cell area plot for FAAH-IR neurons on the ipsilateral and contralateral sides of SNT-injured animals (n ϭ 4) and sham-operated animals (n ϭ 4). The size of FAAH-IR DRG neurons is greater ipsilateral to an SNT injury compared with the contralateral side and the ipsilateral and contralateral sides of sham-operated animals (*p Ͻ 0.001, one-way ANOVA, post hoc Tukey's test). F, Western blot of lumbar DRG tissue samples ipsilateral and contralateral to SNT injury. Each sample contained tissue from two DRG (total of n ϭ 6). G, Optical density measurements (mean Ϯ SEM) of FAAH-IR and GAPDH-IR Western blot bands from lumbar DRG samples ipsilateral and contralateral to spinal nerve transection injury (average of 3 separate gels). Mean optical density measurements for Western blot bands of FAAH immunoreactivity were higher ipsilateral to the injury compared with the contralateral side (*p Ͻ 0.05, one-way ANOVA, Tukey's test); there was no ipsilateral versus contralateral difference in the optical densities of GAPDH-IR bands.
take was blocked by pretreatment with the TRPV1 receptor antagonist capsazepine. These results suggest that FAAH inhibition raises the concentration of AEA inside DRG cells, which increases TRPV1 activation and the influx of cobalt ions.
AEA can activate DRG TRPV1 receptors when applied to the intracellular side of the plasma membrane, with greater potency than on the extracellular side (Hwang et al., 2000; Evans et al., 2004) . Considering its lower affinity for TRPV1 than CB 1 receptors (Ahluwalia et al., 2003a,b; Ross, 2003) , short half-life, and lipophilic nature, AEA is likely to bind to TRPV1 receptors close to its site of synthesis inside the same neuron. This has been demonstrated by the measurement of TRPV1-mediated currents activated from within individual DRG cells by intracellular AEA produced in response to rising [Ca 2ϩ ] i (triggered by depletion of intracellular calcium stores) (van der Stelt et al., 2005) or capsaicin (Millns et al., 2006) , consistent with the enhancing effects of URB597-on TRPV1-dependent cobalt uptake in this study. Together, these data provide functional evidence for the coexistence of FAAH, AEA, and TRPV1 in DRG neurons.
The proportion of DRG cells positive for Co-ppt after AEA or URB597 treatment was significantly higher when AEA or URB597 were applied with the CB 1 receptor antagonist SR141716. This is consistent with studies demonstrating that antagonism of DRG CB 1 receptors increases the potency of AEA at TRPV1 receptors (Ahluwalia et al., 2003a) . At low concentrations, exogenous AEA can reduce TRPV1-evoked excitatory responses via the activation of CB 1 receptors coupled to inhibitory signaling systems (Richardson et al., 1998; Ellington et al., 2002; Ahluwalia et al., 2003b; Evans et al., 2004) .
Given the neurochemical phenotype of FAAH-IR neurons, coexpression of CB 1 receptors is unlikely. This is because, under normal uninflamed conditions (with low peripheral NGF levels), the expression of CB 1 receptors on sensory neurons from DRG or trigeminal ganglia is predominantly on large-sized NF200-positive cells (Hohmann and Herkenham, 1999; Bridges et al., 2003; Price et al., 2003; Amaya et al., 2006) . Consequently, extracellular AEA produced from FAAH-IR DRG neurons might be expected to signal at CB 1 receptors on separate cells. FAAH also hydrolyzes palmitoylethanolamine (PEA), another endogenous lipid implicated in the modulation of pain responses (Calignano et al., 1998; Jaggar et al., 1998; LoVerme et al., 2005) and a putative ligand for the peroxisome proliferatoractivated receptor-␣, located on mouse DRG neurons (LoVerme et al., 2006) . PEA could compete with AEA for hydrolysis by FAAH and produce entourage effects at TRPV1 receptors (Smart et al., 2002) .
FAAH immunoreactivity was detected in the soma of dorsal and ventral horn neurons and those in the dorsal lateral funiculus of spinal cord tissue, matching previous observations (Tsou et al., 1998; Romero et al., 2002) . The intracellular location in neuronal soma and dendritic-like processes is consistent with staining observed in brain , confirmed at the ultrastructural level (Gulyas et al., 2004) . FAAH labeling of white matter areas is consistent with detection of FAAH mRNA (Thomas et al., 1997) and FAAH-IR cells with oligodendrocyte-type morphology in mouse brain . Moreover, the colabeling of nucleated FAAH-IR cells with S100 antibodies in sciatic nerve tissue in this study provides evidence that FAAH is expressed in the oligodendrocyte/Schwann cell population labeled by S100 (Palacios et al., 2004) .
Axotomy of the sciatic nerve trunk or a spinal nerve branch both produced an increase in the size of ipsilateral FAAH-IR DRG neurons. This, together with costaining with NF200, suggests the induction of FAAH expression in large-sized DRG neurons in response to axonal injury. The neurochemical phenotypes of sensory neuron DRG soma undergo profound changes in response to transection of their peripheral axons. Larger-sized neurons can adopt the phenotypic characteristics of smaller cells (Hudson et al., 2001 ), such as de novo expression of neuropeptides (Hökfelt et al., 1994; Noguchi et al., 1995) . These changes are more pronounced when the injury is made closer to the cell body by transecting the spinal nerve (Shortland et al., 1997) . Sciatic nerve axotomy reduced TRPV1 labeling in the DRG, as reported previously (Michael and Priestley, 1999 ) (although this reduction was greater after spinal nerve transection), but the pro- Figure 7 . CFA inflammation. Behavior and cell-size analysis of FAAH-IR DRG neurons. A, At 2 d after CFA injection, paw-withdrawal latencies to a heat stimulus (mean Ϯ SEM), measured using the plantar test in CFA-inflamed rat hindpaws, were shorter than baseline withdrawal latencies and those for the noninflamed contralateral paws (*p Ͻ 0.05, one-way ANOVA, Tukey's test). B, Paw-withdrawal latencies to a mechanical stimulus (mean Ϯ SEM), measured using an electronic von Frey device in CFA-inflamed rat hindpaws, were lower compared with preinjury baseline values and those of noninflamed contralateral paws tested at 1 and 2 d after CFA intraplantar (i.pl.) injection (*p Ͻ 0.01, one-way ANOVA, Tukey's test). C, Cell-size distribution of FAAH-IR DRG neurons ipsilateral and contralateral to a CFA inflammation of the rat hindpaw, 2 d after CFA injection. There was no difference in the mean Ϯ SEM soma size of FAAH-IR DRG neurons on the inflamed side (n ϭ 127) compared with the contralateral side (n ϭ 131) or DRG neurons from naive animals (n ϭ 143) ( p ϭ 0.885, one-way ANOVA).
portion of FAAH-labeled cells was not significantly increased ipsilateral to an axotomy but only after spinal nerve injury. Changes to the size and number of FAAH-IR neurons were more pronounced after injury to the L5 spinal nerve of the sciatic nerve than after peripheral axotomy. SNT injury also produced hypersensivity to cold and mechanical stimuli applied to the ipsilateral hindpaws receiving sciatic nerve innervation. These behavioral changes are synonymous with neuropathic pain behavior in rats (Kim and Chung, 1992; Bridges et al., 2001) . De novo expression of FAAH on larger NF200-IR neurons after nerve injury may increase colocalization with CB 1 receptor-expressing DRG neurons (Bridges et al., 2003) . Although evidence indicates that overall CB 1 receptor expression in the DRG is downregulated after nerve injury (Costigan et al., 2002; Zhang et al., 2007) , it is possible that, after axotomy, FAAH activity in larger neurons directly regulates AEA signaling at CB 1 receptors on the same DRG cell. Signaling of AEA may predominate at CB 1 receptors in these conditions, attributable to the downregulation of TRPV1 receptors after injury.
ATF3 labeling in DRG neurons occurs after both types of sciatic nerve injury and is an indicator of neurons in a stress state caused by axonal damage (Tsujino et al., 2000) . Increased cellular AEA production is similarly associated with cell damage and concurrent elevations in intracellular calcium, such as those occurring as a result of an excitotoxic or demyelination injury Pryce et al., 2003) . The presence of ATF3 in most DRG neurons containing FAAH after nerve injury makes it is plausible that the increase in FAAH protein occurs in response to elevated concentrations of AEA induced by axonal damage to the these cells.
A 2 d CFA-induced inflammation of the hindpaw produced behavioral hypersensitivity to mechanical stimuli in common with SNT animals but did not change the size distribution or the number FAAH-IR DRG neurons. This difference could be related to the differential modulation of TRPV1 and CB 1 receptor expression after paw inflammation. In contrast to axotomy injury, CFA-induced inflammation induces de novo expression of CB 1 in small neurons, including 67% of the TPRV1-labeled population (Amaya et al., 2006) . The number and responsiveness of small TRPV1-and IB4-labeled DRG neurons also increases 2 d after CFA inflammation (Breese et al., 2005) . NGF levels (elevated in inflamed tissues) are correlated with the degree of CB 1 and TRPV1 colocalization in cultured DRG neurons (Ahluwalia et al., 2002) . AEA overproduction in inflammatory conditions, such as bladder cystitis, has been suggested to mediate prohyperalgesic effects via TRPV1 receptors, in a manner that is potentiated by FAAH inhibitors (Dinis et al., 2004) . Whether AEA has a net excitatory or inhibitory effect on DRG neurons can be influenced by several factors, the nature of which affects whether AEA signals predominantly at TRPV1 or CB 1 receptors (Ahluwalia et al., 2003a; Ross, 2003) . Consequently, it is plausible that FAAH expression would be differentially regulated in response to specific injury-related changes to its target receptors to control AEA signaling appropriately.
In this study, both anatomical and functional evidence was used to localize the FAAH enzyme, implicated in controlling cellular AEA concentrations, to the soma of peripheral sensory neurons. Its distribution within the neuronal subset with nociceptive functions is modulated by nerve injury. This may be indicative of a role for the endocannabinoid and endovanilloid signaling properties of AEA in modulating peripheral nociceptive transmission.
